Hyperuricemia (HU) is associated with chronic kidney disease (CKD) progression, 1,2 and many epidemiological studies have confirmed this association. 3 Moreover, some interventional studies showed that urate-lowering therapy using allopurinol slows CKD progression. 4, 5 These findings suggest that HU contributes to the development of renal dysfunction. Epidemiological studies suggested that HU has a greater impact on the renal outcome among individuals with hypertension than among those without it. 6 Although the mechanism underlying the association between renal progression and asymptomatic HU, especially in individuals with hypertension, remains to be determined, crystalindependent mechanisms may be involved. An experimental study using a hyperuricemic rat model showed that renal arteriolopathy may be responsible for renal damage and hypertension progression. 7, 8 We previously revealed that higher uric acid levels were associated with a higher risk for renal arteriolopathy in patients with CKD who underwent renal biopsy. 9 Because the disruption of the autoregulation system in afferent arterioles leads to the direct transmission of increased systemic blood pressure (BP) to the glomeruli, 10 preglomerular arteriolopathy may augment hypertensive glomerular damage. Thus, we hypothesized that HU potentiates BP-dependent renal damage in association with renal arteriolopathy. Therefore, we conducted a cross-sectional study to examine the association between BP and proteinuria, a marker for glomerular damage in patients with nonnephrotic CKD, with or without HU.
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METHODS

Settings and participants
In total, 207 consecutive patients who underwent renal biopsy at the University of the Ryukyus Hospital from 1 January 2003 to 31 December 2007 were included. Patients receiving renin-angiotensin system inhibitors, steroids, or calcineurin inhibitors and those with tubulointerstitial nephritis were excluded because these factors could affect proteinuria levels independent of the systemic BP. Furthermore, patients with nephrotic CKD, which was defined as serum albumin concentrations of <3 g/gCr, were excluded because glomerular permeability rather than BP appeared to be the main determinant of proteinuria in nephrotic CKD. Finally, 109 patients (55 males and 54 females) were included. The study protocol was approved by the ethics review board of the University of the Ryukyus. All patients provided written informed consents for using their clinical and histological data in our analysis.
When patients were admitted for renal biopsy, clinicians administered them a lifestyle and medical history questionnaire, collected blood and urine samples, and measured BP. Comorbidities in this analysis were defined as follows. Hypertension was defined as an ambulatory systolic BP (SBP) of ≥140 mm Hg and/or diastolic BP of ≥90 mm Hg, or treatment with antihypertensive drugs Diabetes mellitus was defined as a fasting plasma glucose level of ≥126 mg/ dl, 2-hour plasma glucose level of ≥200 mg/dl, or treatment with hypoglycemic agents Dyslipidemia was defined as low-density lipoprotein cholesterol levels of ≥140 mg/ dl, high-density lipoprotein cholesterol levels of <40 mg/ dl, triglyceride levels of ≥150 mg/dl, or treatment with specific lipid-lowering agents. The baseline height and weight of the patients were recorded, and the body mass index was calculated. Serum creatinine levels were measured using an enzymatic method. The estimated glomerular filtration rate (eGFR) was calculated using the Japanese Society of Nephrology formula 11 as follows: eGFR ml min 173m 194 serumcreatinine age 
Semiquantitative assessment of intrarenal preglomerular vessels
In brief, 2-3 layers of smooth muscle cells obtained from preglomerular arterioles, including the afferent arteriole and small interlobular artery, were evaluated. Hyalinosis lesions were identified as pink and amorphous in periodic acid-Schiff-stained arteriolar wall sections. Arteriolar hyalinosis was semiquantitatively assessed in each specimen using a modified grading system established by Bader and Kubo 12, 13 as follows: grade 0 (G0), no vessel wall hyalinosis; grade 1 (G1), hyalinosis covering less than a quarter of the vessel wall circumference; grade 2 (G2), hyalinosis covering a quarter to half of the vessel wall circumference; and grade 3 (G3), hyalinosis covering more than half of the vessel wall circumference. 9 Therefore, the mean grade of renal arteriolar hyalinosis (arteriolar hyalinosis index) was calculated for each patient according to the following formula: arteriolar hyalinosis index n n1 1 n2 2 n3 3
Here, n1, n2, and n3 indicate the numbers of arterioles with hyalinosis grades of G1, G2, and G3, respectively, and N indicates the total number of arterioles. Representative microphotographs of each arteriolar hyalinosis grade are shown in our previous report. 9 All histological analyses were performed by a single physician who was blinded to all patient data.
Statistical analysis
The Mann-Whitney or chi-square test was used to analyze the differences between the groups. We previously reported that the uric acid threshold levels, above which the risk for developing hyalinosis in preglomerular arterioles increases, were 5 and 7 mg/dl for females and males, respectively. 9 Thus, HU was defined as using urate-lowering drugs or a uric acid level of ≥5 and ≥7 mg/dl in females and males, respectively. Univariate regression analyses were performed to assess the association between log-transformed SBP and log-transformed urine protein (UP) level for the presence of HU. Because we previously confirmed that the association between log-transformed SBP and log-transformed UP is prevalent only among patients with HU, we conducted multiple regression analyses to examine the effect of interaction between log-transformed SBP and HU on log-transformed UP using their interaction term. We adjusted for age, sex, and potential confounding factors, with p values of ≤0.3 for the univariate model. The following covariates were included in the adjusted models: age and sex in model 1 and age, sex, presence of diabetes mellitus, eGFR, and presence of IgA nephropathy in model 2. We further adjusted for a log-transformed hyalinosis index along with the variables used in model 2 (model 3) to examine the association of arteriolar hyalinosis with the interaction between log-transformed SBP and HU.
Only for patients with IgA nephropathy, the correlation between log-transformed SBP and log-transformed UP was examined based on the presence of HU to exclude the potential effects of different primary diseases on proteinuria. Moreover, the correlation between log-transformed SBP and log-transformed mean glomerular diameter was examined in patients based on the presence of HU to explore the potential mechanisms for the effect of this interaction on proteinuria.
Analyses were performed using the StatView (SAS Institute, Cary, NC) and JMP 10 (SAS Institute) softwares. Continuous data are expressed as median (interquartile ranges) or mean ± SD. For all analyses, a P value of <0.05 was considered to be statistically significant.
RESULTS
The characteristics of the participants according to their uric acid levels are summarized in Table 1 . Significantly older ages; higher prevalence of hypertension, diabetes mellitus, and dyslipidemia; and higher UPs and lower eGFRs were observed in patients with HU than in those without HU. BP levels were comparable between the patient groups.
Patients without HU had the following underlying kidney diseases [numbers (%)]: IgA nephropathy, 35 (70); primary glomerular diseases other than IgA nephropathy, 4 (8); lupus nephritis or vasculitis, 2 (4); nephrosclerosis, 2 (4); hereditary nephritis, 2 (4); and others, 5 (10) . Similarly, patients with HU had the following diseases: IgA nephropathy, 35 (59.3); primary glomerular diseases other than IgA nephropathy, 7 (11.9); lupus nephritis, 1 (1.7); nephrosclerosis, 8 (13.6); hereditary nephritis, 4 (6.8); and others, 4 (6.8). Altogether, IgA nephropathy was the most frequent underlying kidney disease in both patient groups, whereas nephrosclerosis was considerably frequent among patients with HU.
Association between BP and UP based on the presence of HU A positive correlation existed between log-transformed SBP and log-transformed UP in patients with HU but not in those without HU (Figure 1 ). Different definition of HU such as ≥6 or ≥7 mg/dl of uric acid in female did not affect the results. Moreover, there were similar positive correlation even after exclusion of the patients who were treated with diuretics or urate-lowering drugs (data were not shown). While, there were significant negative correlation between SBP and eGFR in both patients with and without HU (data were not shown).
Effect of interaction between log-transformed SBP and HU on log-transformed UP
The interaction between HU and log-transformed SBP remained statistically significant in model 2; however, no statistical significance existed after additional adjustment for the arteriolar hyalinosis index (Table 2) .
Association between BP and UP and mean glomerular diameter based on the presence of HU in patients with IgA nephropathy
A significant positive correlation existed between logtransformed SBP and log-transformed UP in patients with both HU and IgA nephropathy (Figure 2) . Moreover, logtransformed SBP was correlated with log-transformed mean glomerular diameter in these patients (Figure 3) . We further examined the changes in eGFR (%) according to the SBP category by the presence of HU in the patients with IgA nephropathy. The changes in eGFR (%) of the patients with HU was more than twice as high as the change of those without it in each SBP category (<130 mm Hg, −17.2 vs. 
DISCUSSION
The susceptibility to BP-dependent renal damage is modified in some clinical conditions. [14] [15] [16] [17] This study revealed that an increased BP was linearly correlated with increased proteinuria among patients with both CKD and HU but not among those with CKD but without HU. Moreover, the interaction between HU and SBP at a higher proteinuria levels remained significant despite adjustment for various confounding factors. These findings suggested that patients with CKD and HU are more susceptible to hypertensive renal damage than those with CKD but without HU. Adjustments for arteriolar hyalinosis index completely eliminated the significance of this interaction, suggesting that arteriolar hyalinosis is responsible for the augmented susceptibility owing to HU.
Some mechanisms may be responsible for the positive correlation between BP and proteinuria in patients with both CKD and HU. First, the relatively higher prevalence of hypertension among patients with HU may affect the results. However, absolute BP levels were comparable between the groups, presumably because of an antihypertensive treatment. Thus, hypertension itself may not have affected the results. Second, patients with HU were characterized by a higher prevalence of comorbidities such as diabetes, possibly because diabetes mellitus could be associated with a higher susceptibility to hypertensive renal damage. 17 The interaction between HU and BP significantly affected proteinuria despite the adjustment for potential confounding factors such as diabetes mellitus. Thus, HU may be independently associated with augmented BP-dependent glomerular damage. Moreover, HU was negatively correlated with proteinuria, implying that combined high BP and HU may have a fundamental role in increased proteinuria. The causality of HU in increasing the susceptibility to BP-dependent proteinuria could not be determined in this study because of its cross-sectional design. However, previous experimental report suggested that HU plays a causative role in the development of hypertensive renal damage. 8 We reported that a higher uric acid level was associated with renal arteriolar hyalinosis. 9 In an animal model of HU, hypertension and renal damage were developed in association with renal arteriolopathy, characterized by hyalinosis and medial thickening. 8 Additionally, hyalinosis in afferent arterioles is a potential marker for disrupted afferent arteriole autoregulation. 18, 19 Uric acid may increase the susceptibility to hypertensive renal damage in association with disrupted autoregulation mechanisms due to renal arteriolar hyalinosis. Consistent with this hypothesis, the significance of this interaction was completely eliminated after adjusting for the renal arteriolar hyalinosis index. HU reportedly induces the elevation of glomerular BP in a progressive renal disease model. 20 Moreover, xanthine oxidase inhibitor prevents glomerular hypertension even in the presence of systemic hypertension. 21 Our findings are consistent with this hypothesis.
Our study results may have important clinical implications for patients with CKD. A recent large-scaled epidemiological study showed that high uric acid levels were significantly associated with the incidence of albuminuria. 22 In this study, HU coexisting with hypertension had a considerable effect on proteinuria, although HU alone was negatively associated with proteinuria. A previous epidemiological study showed that an association between uric acid level and the incidence of CKD was most prevalent among hypertensive subjects, 6 suggesting that HU has a considerable effect on renal progression when accompanied by hypertension. Moreover, the present study may provide a hint to understanding the mechanisms of gender differences in the relationship between incident CKD and uric acid levels. 1 Previous, our study showed gender difference in threshold levels of uric acid for arteriolar hyalinosis as 5 mg/dl for females and 7 mg/dl for males. 9 Using definition of HU based on this threshold levels, the present study showed clear difference in the relationship between SBP and proteinuria by the presence of HU. These findings suggested even 5 mg/dl of uric acid levels may cause higher susceptibility to hypertensive renal damage in female. Consistent with this hypothesis, augmented relationship between uric acid levels and incident CKD of female are shown to be more definite than that of male. 6 This study has some limitations. First, we did not observe actual changes in proteinuria across a wide SBP range in each patient. Therefore, further studies are required to determine the role of HU in hypertensive renal damage. Second, the study included patients with various primary diseases. Hence, the effect of primary diseases on BP may have affected glomerular protein permeability, eventually affecting our study results. Nevertheless, we observed a similar correlation between log-transformed SBP and logtransformed UP only in patients with HU despite limiting the analysis to patients with IgA nephropathy. Moreover, HU was associated with augmentation of greater decline in eGFR according to the SBP category among the patients with IgA nephropathy. Previous study had also demonstrated that patients with HU had greater decline in creatinine clearance than those without it among the patients with IgA nephtopathy. 23 Therefore, HU along with hypertension may play a role in progression of CKD, which is independent of primary diseases. Third, the relatively small number of patients with hypertension among those without HU may have affected the ability of our analysis to detect any association between BP and proteinuria. Hypertension is more common in patients without HU than in those with HU. 24 Accordingly, it is inevitable that the number of patients with hypertension but without HU would be low. Fourth, a limited specimen volume, characteristic of renal biopsy, may have resulted in a sampling bias. Generally, sampling bias tends to make specific associations listen. Moreover, we observed linear correlations of the hyalinosis grade with age and BP (data not shown), which was consistent with previous autopsy-based study results. 13 Therefore, the effects of this bias may be minimal. Finally, since we exclude the patients with renin-angiotensin system inhibitors that could affect proteinuria independent of SBP levels, a large-scale study is needed to elucidate the role of HU in hypertensive renal damage among those with renin-angiotensin system inhibitors. Variables used for adjustment: model 1, log (SBP), hyperuricemia, log (SBP) * hyperuricemia, age, and sex; model 2, model 1 + diabetes mellitus, estimated glomerular filtration rate, IgA nephropathy; model 3, model 2 + log (hyalinosis index). Abbreviation: SBP, systolic blood pressure.
In conclusion, an association between HU and an augmented effect of high BP on proteinuria among patients with nonnephrotic CKD who underwent renal biopsy was observed. Moreover, this association disappeared after adjusting for renal arteriolar hyalinosis. These findings suggest that HU enhances the susceptibility to hypertensive renal damage via disruption of the autoregulation system. Further studies are required to define the role of the interaction between HU and BP in CKD progression.
